The cleavage site sequence of the fusion (F) protein contributes to a wide range of virulence of Newcastle disease virus (NDV). In this study, we identified other important amino acid sequences of the F protein that affect cleavage and modulation of fusion. We generated chimeric Beaudette C (BC) viruses containing the cleavage site sequence of avirulent strain LaSota (Las-Fc) together with various regions of the F protein of another virulent strain AKO. We found that the F1 subunit is important for cleavage inhibition. Further dissection of the F1 subunit showed that replacement of four amino acids in the BC/Las-Fc protein with their AKO counterparts (T341S, M384I, T385A and I386L) resulted in an increase in fusion and replication in vitro. In contrast, the mutation N403D greatly reduced cleavage and viral replication, and affected protein conformation. These findings will be useful in developing improved live NDV vaccines and vaccine vectors.
The cleavage site sequence of the fusion (F) protein contributes to a wide range of virulence of Newcastle disease virus (NDV) . In this study, we identified other important amino acid sequences of the F protein that affect cleavage and modulation of fusion. We generated chimeric Beaudette C (BC) viruses containing the cleavage site sequence of avirulent strain LaSota (Las-Fc) together with various regions of the F protein of another virulent strain AKO. We found that the F1 subunit is important for cleavage inhibition. Further dissection of the F1 subunit showed that replacement of four amino acids in the BC/Las-Fc protein with their AKO counterparts (T341S, M384I, T385A and I386L) resulted in an increase in fusion and replication in vitro. In contrast, the mutation N403D greatly reduced cleavage and viral replication, and affected protein conformation. These findings will be useful in developing improved live NDV vaccines and vaccine vectors.
Virulent strains of Newcastle disease virus (NDV) cause a devastating disease in chickens leading to major economic losses in the poultry industry worldwide (Alexander, 1989) . NDV is a member of the genus Avulavirus in the family Paramyxoviridae. The virion is enveloped, with a non-segmented, negative-sense ssRNA genome (Samal, 2011) . The genome encodes a nucleocapsid protein (N), a phosphoprotein (P), a matrix protein (M), a fusion protein (F), a haemagglutinin-neuraminidase protein (HN) and a large polymerase protein (L).
NDV isolates vary greatly in their pathogenicity for chickens and are categorized into three main pathotypes: lentogenic (avirulent), mesogenic (moderately virulent) and velogenic (highly virulent) (Alexander, 1989) . The amino acid sequence at the F protein cleavage site has been identified as the primary determinant of virulence (Panda et al., 2004; Peeters et al., 1999) . Virulent NDV strains have multibasic cleavage sequences that contain the preferred cleavage site of the intracellular protease furin (Arg-X-Arg/Lys-Arg # ), available in most cell types. In contrast, avirulent NDV strains typically contain one or two basic residues at the F protein cleavage site and are delivered to the plasma membrane in an uncleaved form for cleavage by extracellular proteases. Modification of the cleavage site sequence in the F protein has been shown to greatly alter the replication and pathogenicity of NDV (de Leeuw et al., 2005; Hu et al., 2011; Panda et al., 2004; Peeters et al., 1999; Xiao et al., 2012) . In our previous study, we modified the F protein cleavage site sequence (RRQKR # F) of a highly virulent NDV strain Ban010 (genotype VII) to that of avirulent NDV strain LaSota (GRQGR # L), resulting in an avirulent derivative rBan/AF (Xiao et al., 2012) . The parental virulent Ban010 virus produced extensive syncytia and plaque in cell culture in the absence of added protease, whereas the avirulent rBan/AF derivative caused only single-cell infections without syncytia or plaque formation in the presence or absence of extracellular protease. This result was unexpected as strain LaSota produces syncytia and plaques in the presence of added protease. Furthermore, when the F protein cleavage site sequence of the virulent NDV strain Beaudette C (BC) (genotype II) was modified to that of LaSota (genotype II), it produced syncytia and plaques in the presence of added protease. These results indicated that other regions of the F protein from different genotype strains could affect the fusion activity mediated by the LaSota cleavage motif.
In addition to the F cleavage site, other amino acid sequences or regions in the F protein might play a role in the fusion activity of genotype VII viruses. In the present study, we investigated this using BC virus that was modified to contain the F gene of a genotype VII virulent African strain AKO. F proteins of NDV virulent strains BC and AKO have 89 % amino acid sequence identity (Kim et al., 2012; Samuel et al., 2013) . First, the F ORF of strain AKO was used to replace the corresponding regions of BC (rBC/AKO-F) (Fig.  1a) . The virulent F protein cleavage site (RRQKR # F) of the AKO F protein in rBC/AKO-F and the BC F protein in rBC was modified to be identical to that of avirulent strain LaSota (GRQGR # L) (Fig. 1a) . The ability of the chimeric viruses bearing the LaSota cleavage site (Las-Fc) to form syncytia (under fluid overlay) and plaques (under methylcellulose overlay) was determined by infecting DF1 cells in the presence or absence of 10 % allantoic fluid. Only rBC and rBC/AKO-F produced extensive syncytia and plaques in the absence of allantoic fluid (not shown). In the presence of added protease, the rBC, rLaSota, rBC/Las-Fc and rBC/ AKO-F viruses produced syncytia (Fig. 1b) and plaques (not shown), whereas rBC/Las-Fc-AKO-F produced neither. Evaluation of the cleavage efficiency of the F0 proteins by Western blot analysis further demonstrated inefficient cleavage of the F protein of rBC/Las-Fc-AKO-F virus in the presence of allantoic fluid (Fig. 1c, lane 5) . In addition, flow cytometry analysis showed that rBC/Las-Fc-AKO-F expressed reduced levels of the F protein on the cell surface compared with other viruses, whereas the rLaSota, rBC/LasFc and rBC/AKO-F viruses expressed comparable levels of surface F protein to rBC (Fig. 1d) . These results showed that the LaSota cleavage site was efficiently cleaved by exogenous protease when it was in the context of the BC F protein, but not of the AKO F protein. We hypothesized that the sequence divergence between the F proteins of NDV strains BC and AKO along with a local misfolding effect in the chimeric F protein affected LaSota F cleavage motif efficiency and activity in the chimeric virus.
To investigate the difference between the BC and AKO F proteins, the F1 or F2 subunit of strain AKO was used to place the corresponding region of BC ( Fig. 2a ; rBC/Las-Fc-AKO-F1 and -F2). Chimeric rBC/Las-Fc-AKO-F2 produced syncytia, whereas rBC/Las-Fc-AKO-F1 did not produce syncytia (Fig. 2b ). This indicated that the presence of the AKO F1 subunit inhibited fusion activity mediated by the LaSota F cleavage motif. We then further subdivided the F1 subunit of the AKO F protein into four different regions ( Fig. 2a ; rBC/Las-Fc-AKO 120-220, 221-330, 331-450 and 451-500). Three of the four constructs were successfully recovered: the exception was rBC/Las-Fc-AKO 221-330. rBC/Las-Fc-AKO-F, rBC/Las-Fc-AKO-F2, rBC/Las-Fc-AKO 271-330 or rBC/Las-Fc-AKO 275-330 produced syncytia comparable to the level of rBC. In contrast, rBC/LasFc-AKO 331-450 did not produce syncytia, suggesting that this region plays an important role in modulating fusion activity. Growth kinetics of parental and chimeric NDVs showed that only rBC/Las-Fc-AKO-F2 replicated similar to rBC. In contrast, replication of rBC/Las-Fc-AKO-F1 and rBC/Las-Fc-AKO 331-450 was reduced significantly (P < 0.05) (Fig. 2c) . This indicated that virus fusion activity is associated with virus replication in vitro. The intracerebral pathogenicity index (ICPI) test showed the attenuation of all the chimeric viruses (ICPI = 0.00) in 1-day-old specific pathogen-free chicks (Alexander, 1989) .
We further investigated domains and amino acid residues critical for fusion activity in the region of amino acid sequence positions 331-450. The details of our constructs are illustrated in Fig. 3(a) . We first subdivided this region into two domains by generating constructs of rBC/Las-Fc in which AKO sequence positions 331-390 and 391-450 were used to replace the corresponding regions of BC. Interestingly, replacement of AKO 331-390 in BC F resulted in the promotion of fusion activity, whereas replacement of AKO 391-450 in BC F abolished fusion activity (Fig. 3b) . Characterization of in vitro growth kinetics showed that rBC/LasFc-AKO 331-390 replicated more efficiently than parental and other mutant viruses up to 40 h post-infection (p.i.) (P < 0.05) and reached a maximum titre of 10 9 TCID 50 ml À 1 at 48 h p.i. (Fig. 3c) . rBC/Las-Fc-AKO 391-450 replicated inefficiently, reaching a maximum titre of 10 7 TCID 50 ml À 1 at 72 h p.i. Point mutation of the four individual amino acids from AKO 331-390 that differed from BC did not cause any increase in virus fusion activity. Also, all four point mutation viruses replicated similar to rBC/Las-Fc; replication of the T341S mutant is representatively shown in Fig. 3(c) . This suggested that two or more of them had a synergistic effect in promoting fusion activity. In contrast, mutational analysis of the AKO 391-450 region led to identification of a critical amino acid residue in modulating fusion activity (Fig. 3a) . rBC/Las-Fc-AKO 391-420 lost the ability to form syncytia, similar to rBC/Las-Fc-AKO 391-450, whereas rBC/Las-Fc-AKO 421-450 retained the ability to form syncytia (Fig. 3b) . We also made independent amino acid substitutions involving the three amino acids in the region of 391-420 that differ between the AKO and BC F proteins (e.g. M391I, V402A and N403D). N403D resulted in abolishment of syncytium formation, whereas the other substitutions retained the ability to form syncytia. In vitro growth kinetics showed that rBC/Las-Fc-F-N403D replicated inefficiently in a manner very similar to that of rBC/Las-Fc-AKO 331-450, whereas viruses bearing the other point mutations in this region replicated more efficiently than rBC/Las-Fc-AKO 331-450 (P < 0.05) (Fig. 3c) . This suggests that the BC-specific assignment of asparagine at position 403 plays a critical role in promoting virus fusion activity, which in turn affects virus replication. All of the viruses had ICPI values of 0 without any apparent clinical signs in the infected chicks.
We next evaluated whether the loss of fusion activity was associated with an alteration in the conformation of the F protein in these chimeric viruses. Cell surface expression of the F protein of parental and mutant viruses was evaluated by staining with a conformation-sensitive antibody (Fu1a) (Gravel et al., 2011) . Immunofluorescence analysis showed a reaction of the antibody with the unmodified F proteins of strains BC, LaSota, AKO and rBC/Las-Fc (Fig. 3d) . However, a significantly decreased reactivity was detected with rBC/Las-Fc-AKO-F, suggesting that binding site for this antibody to this mutant F protein was reduced and less accessible compared with BC/Las-Fc. Interestingly, a strong reactivity was detected with rBC/Las-Fc-AKO-F2, whereas no signal was detected with that of rBC/Las-Fc-AKO-F1. In addition, the antibody reacted well with the F protein of hyperfusogenic rBC/Las-Fc-AKO 331-390. This indicated that an increase in fusion activity is not associated with a conformational change in the F protein, but it may result in rapid transport of large number of F protein molecules to the surface, thus causing increased fusion. Further, no reactivity of the antibody was detected with the F proteins of rBC/Las-Fc-AKO 331-450, rBC/Las-Fc-AKO 391-450, rBC/Las-Fc-AKO 391-420 and rBC/Las-Fc-F N403D. Our results showed a representative result with rBC/Las-Fc-F N403D. This indicates that conformational alterations in these F proteins play a role in the abolishment of fusion activity.
Previously, an in vitro study indicated that a conserved region in the F2 subunit of paramyxoviruses (amino acid residues 49-88) plays a critical role in stabilizing the prefusion state, likely through interactions with heptad repeat A, and in triggering membrane fusion (Gardner & Dutch, 2007) . In this region, there are two amino acid differences between the F2 subunits of strains BC and AKO. However, the interchangeability of the F2 subunits of strains BC and AKO suggests that these two amino acids do not contribute to the difference in phenotype between rBC/Las-Fc and rBC/Las-Fc-AKO. Binding reactivity of these particular chimeric F proteins with a conformation-sensitive antibody also suggested that swapping the F2 subunit did not affect the conformation of the F protein.
In contrast, our chimeric analysis suggested that the F1 subunit plays an important role in fusion activity of NDV. The F1 subunit contains a hydrophobic N-terminal fusion peptide domain that is responsible for insertion into the target cell membrane during fusion, a C-terminal transmembrane anchor and two heptad repeats (HRA and HRB), which are known to fold onto each other into a six-helix bundle (6HB) to drive the merger of viral and target cell membranes (Lamb & Parks, 2007) . The large intervening region between the two heptad repeats of F1, which is typical of the F proteins of paramyxoviruses in general, has been found to play a critical role in the initial folding and oligomerization of the simian virus 5 and Hendra virus F proteins (Gainey et al., 2008) . In our present study, replacement of the F1 subunit of the BC F protein with that of AKO F greatly altered the conformation of the F protein, suggesting that this was associated with the observed defect of fusion activity (Fig. 3d) . The paramyxovirus F protein is known to adopt successively the following conformations during membrane fusion: (1) the native metastable prefusion structure, (2) an activated intermediate that is susceptible to N-peptide binding, (3) a prehairpin intermediate that is susceptible to C-peptide binding, and (4) a fusogenic or post-fusogenic form that has as its core a 6HB formed by HRA and HRB (Russell et al., 2003) . In the present study, the antibody used for evaluating the F protein conformation has been shown to recognize prefusion of the F protein preferentially (Jain et al., 2007) . Inhibition of cellcell fusion is known to occur at an early stage in the onset of fusion. It will be interesting to evaluate whether our mutant can further affect the arrangement of binding and folding of the F protein that are required for fusion.
In paramyxoviruses, a conserved region adjacent to HRB has distinct roles in fusion activation and 6HB formation, suggesting this region is involved in a conformational switch (Russell et al., 2003; Yin et al., 2005) . In the NDV F protein, L461A, I463A and I463F mutations result in a hyperfusogenic phenotype for syncytium formation (Ayllón et al., 2010) . The F proteins of BC and AKO are highly conserved in this region. Consistent with this, a chimeric construct targeting this region did not confer any noticeable phenotype change, indicating that the few differences in amino acid residues that do exist between the two viruses are insignificant for the function of the F protein. However, our chimeric analysis enabled us to identify two major regions responsible for an increase (region 331-390) and a decrease (region 391-420) in fusion activity of NDV. Further point mutation analysis of the two regions suggested different effects of certain mutated amino acids in altering fusion activity. For example, in the region 331-390, none of the mutated amino acids (T341S, M384I, T385A and I386L) individually conferred hyperfusogenic activity, indicating that this phenotype presumably depends on synergism between two or more of these amino acids. In contrast, in the region 391-420, a single mutation of N403D resulted in a loss of fusion activity and binding reactivity with conformational specific antibody, suggesting that aspartate (the assignment found in AKO and Ban 010) plays a major role in downregulating fusion activity by altering the conformation of the F protein. Recent studies also suggested that this domain may be critical in F and HN interactions or F and H interactions for measles, PIV5 and SV41 (Apte-Sengupta et al., 2012; Bose et al., 2013) . It will be of interest in future studies to evaluate whether the N403D mutation affects any of the specific stages of NDV fusion activity and the interaction between the F and HN proteins. 
